The mammalian Nell1 gene encodes a protein kinase C-b1 (PKC-b1) binding protein that belongs to a new class of cell-signaling molecules controlling cell growth and differentiation. Over-expression of Nell1 in the developing cranial sutures in both human and mouse induces craniosynostosis, the premature fusion of the growing cranial bone fronts. Here, we report the generation, positional cloning and characterization of Nell1 6R , a recessive, neonatal -lethal point mutation in the mouse Nell1 gene, induced by N-ethyl-N-nitrosourea. Nell1 6R has a T!A base change that converts a codon for cysteine into a premature stop codon [Cys(502)Ter], resulting in severe truncation of the predicted protein product and marked reduction in steady-state levels of the transcript. In addition to the expected alteration of cranial morphology, Nell1 6R mutants manifest skeletal defects in the vertebral column and ribcage, revealing a hitherto undefined role for Nell1 in signal transduction in endochondral ossification. Real-time quantitative reverse transcription-PCR assays of 219 genes showed an association between the loss of Nell1 function and reduced expression of genes for extracellular matrix (ECM) proteins critical for chondrogenesis and osteogenesis. Several affected genes are involved in the human cartilage disorder Ehlers-Danlos Syndrome and other disorders associated with spinal curvature anomalies. Nell1 6R mutant mice are a new tool for elucidating basic mechanisms in osteoblast and chrondrocyte differentiation in the developing skull and vertebral column and understanding how perturbations in the production of ECM proteins can lead to anomalies in these structures.
INTRODUCTION
Bone and cartilage are specialized connective tissues that provide structural support for the vertebrate organism and participate in key metabolic processes (e.g. calcium homeostasis). The formation of bone (osteogenesis) and cartilage (chondrogenesis) are complex processes governed by numerous genes acting in several stages: (a) commitment of the precursor cells; (b) the proliferation of the osteoprogenitor/ chondroprogenitor cells; (c) differentiation of osteoblasts and chondrocytes; and (d) formation of cartilage or a calcified bone matrix (1) . In the developing skull, calvarial bones are formed by intramembranous ossification, wherein mesenchymal cells differentiate into osteoblasts and the production of # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org bone matrix occurs directly without previous cartilage formation. Other bones in the body are formed by endochondral ossification, wherein mesenchymal cells aggregate, differentiate into chondrocytes and form cartilaginous tissue that is ultimately replaced by mineralized bone (1, 2) . Normal bone formation requires a delicate balance between proliferation, differentiation and apoptosis in osteoblasts and chondrocytes.
Craniosynostosis (CS) is among the numerous abnormalities resulting from perturbations in intramembranous ossification in the developing skull. CS is a significant medical condition because of its high incidence (1/3000 births) and the fact that cessation of skull growth at the prematurely fused suture sites can severely constrain the growth of the underlying brain, leading to increased intracranial pressure, impaired cerebral blood flow and airway obstruction (3, 4) . Moreover, certain types of CS are associated with defects in limb and spine development (5, 6) . Several genes controlling the establishment, maintenance and closure of cranial sutures have been identified (e.g. MSX2, FGRFR1, 2, 3, TWIST ) and the underlying molecular mechanisms elucidated by examining the consequences of mutations in mice (3,4,7 -10) . The importance of the NELL1 gene in cranial development was first postulated with the discovery that it was dramatically up-regulated in prematurely fusing and fused sutures of patients with unilateral coronal synostosis (11) . Transgenic mice over-expressing the rat Nell1 gene displayed CS at birth, thereby confirming the earlier report that Nell1 has a key role in human cranial development and suggesting that the underlying mechanisms can be investigated accurately using mouse models (12) . The over-expressing transgenic mice have abnormalities specific to calvarial development and are viable. Further in vivo and in vitro studies showed that Nell1 over-expression triggers premature fusion of growing skull bones by increasing osteoblast differentiation, apoptosis and mineralization (12, 13) .
The NELL1 gene encodes a polypeptide (810 amino acids) that is glycosylated and processed in the cytoplasm and then secreted as a 400 kDa trimer. The protein contains thrombospondin-like, laminin G, von Willebrand factor-like repeats and epidermal growth factor (EGF)-like domains (14, 15) . The NELL1 protein binds to and is phosphorylated by PKC-b1 via the EGF-like domains, suggesting that Nell1 represents a novel class of cell-signaling ligand molecules critical for growth and development (15) .
While investigating the molecular basis for phenotypes of N-ethyl-N-nitrosourea (ENU)-induced lethal mutations mapping to a small segment of mouse chromosome 7, we previously defined mutations in the l7R6 locus as late gestation/ neonatal lethals (16) . In this report, we present a new allele, designated l7R6 6R , which is a point mutation in Nell1 resulting in severe loss of expression. The loss of Nell1 function leads to skeletal defects in the cranial vault, vertebral column and ribcage. Gene expression assays reveal that these aberrant phenotypes are because of the downregulation of extracellular matrix (ECM), cell adhesion and cell communication proteins that are necessary in osteogenesis and chondrogenesis. This report is the first demonstration of the significance of Nell1-mediated pathways in cartilage development and the consequences of loss-of-function of Nell1 in vivo.
RESULTS

l7R6
6R mice die during birth, exhibit enlarged heads and abnormal body curvature l7R6 6R hemi-and homozygotes develop to late gestation (E19 days) but do not survive the physical trauma of birth. Observations on females during delivery showed that all l7R6 6R mutant neonates were born dead, whereas remaining undelivered mutants were alive when recovered by caesarean section. However, rescued mutant mice quickly succumbed because they were unable to breathe and foster mothers usually cannibalized them. Mutant fetuses are easily distinguished from normal littermates by their pronounced curled position, enlarged head region (Fig. 1A) , inability to open their mouths and very weak reflexes in extremities when stimulated by touching. Heterozygotes survive to adulthood and breed normally, with no readily visible phenotypic differences when compared with wild-type mice.
Gross anatomical observations indicated that compared with their wild-type littermates, homozygous mutant fetuses manifested a decreased body length because of the pronounced altered curvature of the spine and an enlarged altered head shape brought about by increased head length (Table 1) . No significant changes in head height and width were detected.
6R is a point mutation in the Nell1 gene resulting in a Cys !Ter codon substitution and severe reduction in transcript levels
Trans-complementation analysis with a number of P-deletions localized l7R6
6R to the same ,1 cM segment of chromosome 7 (Fig. 1B , Materials and Methods) as other l7R6 alleles, with homology to a region of human 11p15. Gene content analysis of the human chromosomal region suggested at least six candidate genes for l7R6 (http://genome.ucsc.edu), including NELL1, which was particularly provocative because of its over-expression in the prematurely fused sutures of patients manifesting unilateral coronal synostosis. The pronounced enlarged head phenotype, along with the deletion-map position, suggested that recessive l7R6 6R mutation may be a loss-of-function allele in the Nell1 gene. To test this hypothesis, Nell1 gene expression in wild-type and mutant embryos and in wild-type adult tissues was assayed by Northern blot analysis. The cDNA probe detected a 3.5 kb message in polyA þ RNA extracted from wild-type embryos from E10-18 days of gestation (Fig. 2B) . During gestation, expression was first detected at E10 and steadily increased in the head region and decreased in the body. In adult tissues, normal expression was observed primarily in adult brain ( Fig. 2A) . In contrast, northern blot assays of RNA samples isolated from E15 fetuses showed little detectable expression of Nell1 in l7R6 6R mutants (Fig. 2B ). To identify the presumed Nell1 6R (l7R6 6R ) mutation, each exon along with flanking intron sequences was amplified from genomic DNA and analyzed for single base pair changes by heteroduplex analysis using temperature gradient capillary electrophoresis (17) . Heteroduplexes were detected in exon 14 (not shown), hence the samples were sequenced in mutant animals and compared with the sequence in the wild-type controls. Sequence analysis showed a single base pair substitution of T !A that converts a codon for cysteine into a premature stop codon [TGT !TGA; Cys(502)Ter] that truncates the 810 amino acid polypeptide at residue no. 502 and eliminates the EGF-like domains that bind PKC-b1 protein (Fig. 3) . As transcripts bearing premature stop codons in positions such as the one present in the Nell1 6R transcript are subject to nonsense-mediated decay (18, 19) , the mutation scanning data are consistent with the The body length of mutant fetuses were significantly decreased and the head length increased in comparison with the wild-type mice. observation of severely decreased Nell1 mRNA levels in mutants (Fig. 2B ).
Nell1
6R mutant mice have skeletal defects in the skull and vertebral column Because of prior reports on the role of Nell1 in cranial development and osteoblast differentiation, we performed a detailed analysis of skull and skeletal defects in the Nell1 6R mutants (E18.5 days) using Alizarin Red -Alcian Blue staining. Skeletal analysis showed compression of intervertebral spaces and alteration of spinal curvature, and anomalies in the shape and volume of the ribcage ( Fig. 4A and B) . The cervical region of the vertebral column displayed the most dramatic reduction in the intervertebral disc matrix and a pronounced change in spinal curvature is observed at the juncture of the cervical and thoracic vertebral bones ( Fig. 4A and B) . Enlargement and thinning of the parietal, frontal and interparietal bones in the skull were readily apparent ( Fig. 4C -F) . The nasal bones were also enlarged but thinning was not clearly observed in these structures. The consistently decreased staining by Alizarin Red in the Nell1 6R calvarial bones indicated decreased ossification in the mutant. These Nell1 6R skeletal defects were confirmed by microcomputerized tomography scanning ( Fig. 4G and H) . Radiographs showed the sharp curvature change between the cervical and thoracic vertebrae (Fig. 4G) . Moreover, the microCat scanning data suggested lesser bone density ( Fig. 4G ) and areas of ossification ( Fig. 4H ) in the Nell1 6R mutant homozygotes. Although the effect of Nell1 6R mutation in the head region was expected, its profound impact on the development of the vertebral and thoracic skeleton was not anticipated as the deleterious effects of Nell1 over-expression were confined to the growth and differentiation of the calvarial bones (12) .
Loss of Nell1 function reduces expression of genes coding for ECM, cell adhesion and communication proteins
Nell1 is a novel gene, thus the molecular and cellular mechanisms of its role in mammalian development are unknown. In order to define the genes and pathways that were perturbed by the Nell1 6R mutation, we screened hundreds of potential 'downstream' genes for differences in expression levels between wild-type and mutant Nell1 6R fetuses. Real-time quantitative RT-PCR analysis of 219 experimental and six control genes was carried out in RNA samples extracted from individual heads and bodies of four Nell1 6R mutants and four wild-type E18 fetuses. These assays on whole tissues enabled a rapid and efficient assessment of the impact of the Nell1 6R mutation on a wide range of genes. Changes in 'expression levels' of these genes may either be direct (e.g. transcriptional changes) or indirect (e.g. expansion or reduction of specific cell populations). The 219 genes were carefully selected based on the observed mutant phenotype and the putative domains and functions of the Nell1 gene. Genes associated with CS (e.g. Runx2, Msx2, Fgfr3), bone and cartilage development, cell growth and differentiation, neural development and signal transduction pathways were also included. The complete list of genes assayed by qRT-PCR is presented in Supplementary Material, Table S1 online.
Gene expression analyses revealed reduced expression of 13 genes in the head and 28 genes in the body because of the Nell1 6R mutation (Fig. 5) . Expression levels of the following nine genes were affected in both heads and bodies: collagen 5 alpha 3 subunit (Col5a3), tenascin (Tnxb), procollagen type XV alpha 1 (Col15a1), procollagen type V alpha 1 (Col5a1), thrombospondin 3 (Thbs3), matrilin 2 (Matn2), tumor necrosis factor receptor superfamily member 11b (Tnfrsf11b), osteoblast-specific factor (Osf2) and chondroadherin (Chad). Further analysis using publicly available 5, E16 H; 6, E16 B; 7, E18 H; 8, E18 B; 9, brain; 10, liver; 11, spleen; 12, kidney; 13, thymus; 14, heart; 15, lung; 16, muscle. The Nell1 cDNA probe detects a 3.5 kb transcript as early as E10 days. From E14 to E18 days, the Nell1 message is abundant in both fetal heads and bodies, increasing markedly in the head as development proceeds. Hybridization of the blot with an actin probe serve as control to compare levels of samples loaded in each lane. (B) Northern blot analysis on polyA þ RNAs extracted from the heads of hemizygous E15 l7R6 fetuses, shows a severely reduced expression of the Nell1 gene in the l7R6 6R (102DSJ) allele compared with normal levels of expression detected in mice with the following genotypes: wild-type, mutant hemizygotes for four other alleles at the l7R6 locus (335SJ, 88SJ, 45DSJ, 2038SJ). Eight out of 21 collagen genes assayed showed significant changes in expression indicating that the loss of Nell1 influences only a specific set of collagen subunits. Another striking result is that mutations in the human counterparts of two dramatically affected genes, Tnxb and Col5a1, cause Ehlers-Danlos Syndrome (EDS), a severe cartilage defect (1/5000 individuals) characterized by hyperextensibility of the skin and extreme flexibility of joints (21, 22) . EDS patients do not have the ability to make certain components of the connective tissue, particularly fibrillar collagens, or they have defective regulation of collagen synthesis and deposition (22, 23) . Because of the importance of collagen V in EDS, it is predicted that mutations in Col5a3, another gene whose expression is globally reduced (2-fold) in Nell1-deficient mice, will generate certain forms of EDS (22, 24) . Of the six distinct EDS clinical syndromes, EDS-type V1 is an autosomal recessive form characterized by abnormal curvature of the spine, hypotonia, joint laxity and ocular fragility (22) . Other genes expressed in the fetal body that are affected by Nell1 (e.g. Tnc, Tnx, Matn3, Chad, Tnrsf11b and Bmpr1a) are already known to be critical in the development of the vertebral column in human and/or mouse (25 -27) .
Nell1
6R mutant mice have reduced ECM and decreased bone mineralization
The gene expression profile resulting from the Nell1 6R mutation is further supported by standard histological analysis using haematoxylin and eosin, periodic Acid Schiff and Masson staining (Fig. 6 ). Nell1 6R mutant mice display considerable reduction in the amount of extracellular material surrounding cells in the developing vertebral bone and intervertebral discs, compared with the wild-type controls (Fig. 6A -D) . In addition, histology data suggested lesser degree of bone and cartilage development in mutant animals ( Fig. 6C and D) . Results from von Kossa staining of sagittal sections through the vertebral column and parietal bones ( Fig. 6E -H) showed decreased bone mineralization in Nell1 6R . The cranial and vertebral bones of mutant homozygotes have a lesser number of mineralized areas and exhibit a highly irregular pattern when compared with wild-type specimens. The frontal bones display the same defects in bone mineralization as the parietal bones (data not shown).
DISCUSSION
We have characterized the phenotypic and molecular consequences of Nell1
6R
, an ENU-induced point mutation in the Nell1 gene that converts a cysteine codon to a premature termination codon, thereby truncating an 810 amino-acid polypeptide at residue no. 502. The severe reduction of Nell1 transcripts in Nell1 6R homozyotes (presumably because of nonsense-mediated decay) results in neonatal lethality, an enlarged skull with thinning at the calvarial bone edges, reduced intervertebral disc spaces, alteration in the vertebral column curvature, abnormal shape and size of the ribcage. The range of skeletal anomalies manifested by Nell1 6R mutants indicate that the Nell1 gene plays a key role in both intramembranous and endochondral ossification during early mammalian development.
The impact of the loss of Nell1 function in the cranial phenotype and the characteristic gene expression profile in the fetal heads of Nell1 6R mutant mice are consistent with the role of Nell1 in osteoblast differentiation and the known mechanisms of suture development and closure. Developing sutures contain undifferentiated proliferating osteogenic stem cells, a proportion of which differentiate into osteoblasts at the edges of the calvarial bones. Mature osteoblasts secrete a collagen -proteoglycan matrix that binds calcium salts, mineralizes and generates new bone from the osteoid matrix. A delicate balance between stem-cell proliferation and differentiation into bone is required so that the stem-cell population is maintained until skull growth is complete (28) . Signals from the dura mater directly underneath the skull maintain sutural patency by regulating cell proliferation and collagen production (29) . CS involves excessive growth of the calvarial bones so that two opposing growing bone fronts become very close or overlap and the subsequent fusion of juxtaposed bone fronts (12) . Over-expression experiments (in vivo and in vitro) have clearly shown that Nell1 promotes osteoblast differentiation at the growing calvarial bones (11 -13) . In contrast, downregulation of Nell1 using in vitro approaches demonstrated decreased cell differentiation and predicted that reduced levels of Nell1 protein will promote cell proliferation at the suture (12) . The enlargement and immature bone development of the cranial vault and the decreased levels of ECM proteins secreted by mature osteoblasts in Nell1 6R mice support these earlier observations. The processes that regulate the ossification and fusion of cranial sutures depend on specific ECM patterns. Mutation in genes that cause CS by over-stimulating osteoblast differentiation alter ECM turnover and can increase collagen, glycosaminoglycans and fibronectin in CS-derived fibroblasts (30) . The decreased bone mineralization resulting from the loss-of-function of Nell1 gene, is also consistent with reduced levels of ECM detected in these mutant mice.
Although transgenic mice over-expressing Nell1 confirmed its role in craniofacial development, the broader role of Nell1 in skeletal development is revealed by the new loss-of-function allele, Nell1
. In particular, the alteration of spinal curvature and reduction of intervertebral disc spaces in these mutants indicate involvement of Nell1 in signal transduction in the developing spine. The finding that Nell1 directly or indirectly affects expression of at least eight genes (Tnxb, Tnc, Col12a1, Col6a1, Matn3, Bmpr1a, Thbs3) that are necessary for the development of and/or are specific constituents of the intervertebral disc matrix (25, (31) (32) (33) (34) (35) provides additional support for a role for Nell1 in early vertebral column development. As the expression of EDS-associated genes, Tnxb, Col5a1 and Col5a3 are severely reduced by the Nell1 6R mutation, the role of Nell1 in the etiology of EDS (types V1, VIIa,b) or EDS-like disorders manifesting spinal curvature defects needs further investigation. Moreover, immunohistochemical studies of the proteins coded by the genes affected by the Nell1 6R mutation (based on qRT-PCR assays), especially during key stages of bone and cartilage development in the wild-type and Nell1 6R mutant mouse model, will further characterize the functions of the Nell1 gene during early skeletal development.
Our discovery of the involvement of Nell1 in the vertebral column development is consistent with the fact that PKC-b1 6R homozygotes. The intensity and the distribution of stained areas (black spots) are lesser and exhibit an irregular pattern in the mutant fetuses. Von Kossa analysis of sagittal sections through the parietal bones of wild-type (G) and mutant (H) fetuses also revealed decreased mineralization. In mutant parietal (H) and frontal bones (data not shown), the intensity of von Kossa staining is less and in contrast to the wild-type Nell1 6R calvarial bones, have thinner and more 'patchy' pattern of mineralization. There are larger and more frequent gaps between mineralized regions, similar to the pattern seen in the vertebral bodies (F).
isozyme localizes in the vertebral bodies and intervertebral disc spaces of human fetuses during the 8th week of development, a critical developmental period when chondrogenetic and osteogenetic processes are initiated in the vertebral column (36) . PKC activity has also been observed in the fetal mouse vertebral column and is abundant in the more mature cells close to the ossification center and the intervertebral disc spaces. Over-expression of the Nell1 gene does not appear to disrupt vertebral development, but it is clearly altered by a reduction or malfunctioning of Nell1 protein.
Our data demonstrate that, in addition to its role in intramembranous bone differentiation, Nell1 has a critical function in endochondral ossification and normal chrondrogenesis in the spine. The high degree of conservation in structure and function of the Nell1 gene itself suggests that the spinal phenotype could also be a consequence of human NELL1 loss-of-function mutations. Therefore, we suggest that linkage studies and mutation scanning in families segregating both cranial defects and spinal anomalies should focus on the NELL1 gene in chromosome 11p15.
MATERIALS AND METHODS
Mouse breeding and maintenance
All animals were bred at the Mammalian Genetics Research Facility at Oak Ridge National Laboratory (ORNL) (Oak Ridge, TN, USA) using protocols approved under the ORNL Institutional Animal Care and Use Committee. The identification and fine-structure mapping of the l7R6 locus in mouse Chr 7 are described elsewhere (16) . The 102DSJ mutation was recovered in a manner similar to that described previously for the 88SJ (l7R6 1R ), 335SJ (l7R6 2R ) and 2038SJ (l7R6 3R ) alleles at the l7R6 locus (16) . Mutagenized chromosomes marked with the P-mutation were recovered in G1 females from ENU-treated 21A G0 males. The 102DSJ lethal mutation was recognized when G1 female no. 102 failed to yield any pink-eyed-dilute G2 progeny when she was crossed to a þ P7R /Del(Hps5 ru2P ) 46DFiOD G1 male. Deletion mapping also similar to that performed previously (16) revealed that the 102DSJ lethal mapped to the same deletion interval as did the previously ascertained l7R6 alleles (data not shown). Allelism was confirmed (i.e. 102DSJ ¼ l7R6 6R ) when no pink-eyed dilute progeny were found in greater than 30 progeny of a cross of 88SJ (Hps5 ru2 l7R6 1R p/ Hps5 ru2 þþ) and 102DSJ (þ102DSJP/þþp 7R ) heterozygotes, when 25% were expected (P , 0.001). To generate fetuses hemizygous for 102DSJ progeny-tested males þ P7R /l7R6
6R
were mated with þ P7R /Del(Hps5 ru2P ) 46DFiOD females. Mice homozygous for the l7R6 6R mutation were obtained by breeding heterozygote carriers (l7R6 6R P/þP 7R ), which generated pink-eyed homozygotes (l7R6 6R P/l7R6 6R P) and dark-eyed wild-type mice (þP 7R /þP 7R ). Matings were done for 1 h early in the morning, and females were examined for the presence of vaginal plugs (gestation day 0). Fetuses were collected at 15, 18 and 19 days of gestation.
Body and head measurements
Fetuses (E18.5) were recovered by caesarean section from nine pregnant females and a total of 16 wild-type and 19 homozygous l7R6 6R mutant mice were measured for body length, head height, head length and head width. Measurements were obtained using a Fisher Scientific Digital Caliper. Statistically significant differences between mutant and wild-type fetuses were determined using a two-tailed T-test, not assuming equal variances and with a P-value cutoff of 0.005.
Skeletal analysis
Skeletal defects were evaluated using standard protocols for Alizarin Red-Alcian Blue staining of intact fetuses (37) and small animal microcomputerized tomography scanning (microCat) (38) . Thirteen wild-type and 13 homozygous mutant fetuses were recovered by caesarean at E18.5 days of gestation from seven pregnant females. Fetuses were briefly soaked in 708C water and the skin and internal organs were removed. Specimens were fixed in 95% ethanol, stained in Alcian Blue for 1 -2 days and rinsed in 95% ethanol. They were then cleared in 1% KOH (2 -6 h), subsequently, stained 6R mutant and three wild-type E18.5 fetuses were analyzed using the small animal microCat system developed at Oak Ridge National Laboratory (38) .
Histology
Histology was conducted on formalin-fixed, paraffinembedded specimens of E18.5 fetuses (seven mutant and six wild-type specimens) recovered by caesarean section. Standard techniques were used for Haematoxylin and Eosin, Masson, periodic Acid Schiff (PAS) and von Kossa staining (39) . Masson staining shows cytoplasm, keratin and muscle fibers as red, whereas collagens and mucus are stained blue. The PAS stains glycogen, mucopolysaccarides, glycoproteins and glycolipids purple. The presence and distribution of bone mineralization was determined by von Kossa staining, which shows deposits of calcium or calcium salts as black.
RNA analysis
Total RNAs were extracted from fetuses and adult tissues using standard guanidine isothiocyanate procedures (40) . Phase Lock Gels TM (Eppendorf) were used for subsequent phenol -chloroform purifications. RNAs were precipitated with isopropanol and after centrifugation, pellets were re-suspended in nuclease-free water. About 700 mg to 1 mg total RNA per sample was used for purifying polyA þ RNA using Mini-Oligo(dt) Cellulose spin columns (5 0 -3 0 Inc.). One to two micrograms of polyA þ RNAs were used for northern blots using standard electrophoresis and blotting protocols (41) . Blots were hybridized with the CTC55 þ 59 probe, which was generated by RT-PCR using primers designed from mouse EST sequences matching the 5 0 and 3 0 ends of human NELL1 (1920 bp; ctc55-TGCAGCAGAAGCCGTCCA; ctc59-CAAACTAGGGCAAGCTAGAG).
DNA analysis and sequencing
The Nell1 6R mutation was identified by sequencing genomic DNAs extracted from the clipped tails of mutant and wild-type mice. cDNA sequencing was performed on reverse transcribed PCR-amplified segments. First-strand cDNA templates were generated from polyA þ RNAs extracted from E15 fetal heads using the RETROscript Kit (Ambion). Two overlapping cDNA segments covering the entire coding region plus the 5 0 and 3 0 -untranslated region were generated using the following primer pairs: ctc138/ctc149 and ctc150/ctc59. Ctc138/ctc149 generates a 556 bp fragment corresponding to the 5 0 end of Nell1 and was generated by standard PCR techniques. Ctc150/ctc59 amplifies a 1465 bp segment spanning the middle to 3 0 end of the coding region and was generated by long-range PCR (Expand Long Template CR, Roche Diagnostic Group). The primer sequences are as follows: ctc59:CAAACTAGGGCAAGCTAGAG; ctc150:GCAGAGA CGAGACTTGGTCAACTGG; ctc138:CTGAAGCATTGGT TTCTTGC and ctc149:TCGACATGGAGTAGGAGGTGAG AGG. PCR products were sequenced using the primers that generated the products, and primers were designed using the acquired sequence data of preceding segments. Primers used for sequencing are available upon request. The mouse Nell1 full-length cDNA sequence was submitted to GenBank as accession no. AY622226.
Mutation scanning
Twenty primer sets were designed to amplify each exon of Nell1 from flanking intron sequences and two additional primer sets amplified conserved upstream elements. Each amplicon was amplified from genomic DNAs extracted from Nell1 6R hemizygous mutant mice, and the control strains (BJR and 21A). Corresponding PCR products were mixed in equal volumes, heteroduplexed and scanned for point mutations using TGCE (17) . Three overlapping temperature gradients were used: 50 -608C, 55 -628C and 60 -688C. The 421 bp amplicon containing the mutation in the l7R6 6R allele was amplified by PCR using the following primer pairs designed from the intron sequences flanking the 131 bp exon 14 of Nell1; NellExon14(F): ATAGACCAGGGGCA GAAACC and NellExon14R: TTGCCTCAACCTCAATATCC.
High-throughput real-time qRT-PCR assays
RNAs from the heads and bodies of four Nell 6R mutant and four wild-type E18 fetuses were extracted individually (16 RNA samples) according to the extraction method described earlier. DNase1-treated RNAs were ethanol precipitated and re-suspended in nuclease-free water. Total RNAs (2.5 mg) were reverse transcribed to cDNA using the random-priming High-Capacity cDNA Archive Kit (Applied Biosystems).
Multiplex pre-amplification of cDNA targets. To enable maximum sensitivity and detection of hundreds of gene expression targets from a small amount of cDNA, a novel multiplex PCR pre-amplification strategy was used prior to conventional quantitative PCR. Two hundred and twenty-five (219 experimental and six endogenous control genes) Taqman Gene Expression Assays (PCR primer/FAM-probe stock solutions) were pooled together and used in a single PCR to amplify all targets equally from the same cDNA template. The FAM-probe is a component of the final configuration of the manufactured TaqMan w gene expression assays and does not interfere with the pre-amplification process. To prepare the multiplex pre-amplification primer pool, equal volumes of the 225 TaqMan w gene expression assays were mixed together, dried under vacuum and re-suspended with water to generate a multiplex-pooled primer set with a concentration of 180 nM for each primer. The pre-amplification reaction was set up as follows: a 250 ml volume of 500 ng of cDNA was combined with 250 ml of the multiplex-pooled primers. Then, 500 ml of 2X Multiplex pre-amplification Master Mix was added to generate the final 1000 ml reaction volume (Applied Biosystems). The reaction mix was divided into 50 ml aliquots in a 96-well PCR tray and cycled on an ABI 9700 thermal cycler under the following conditions: 958C for 10 min; then 10 cycles at 958C for 15 s; and 608C anneal/extension for 4 min.
Real-time PCR reactions. Pre-amplification products were recombined into one tube and diluted 1:5 with water. Individual singleplex TaqMan w Gene Expression Assays for each of the 225 pre-amplified markers, along with 18S rRNA (which was not included in the pre-amplification reaction because of its high level of expression) were prepared as follows: 5.0 ml of 2X TaqMan w Universal PCR Master Mix, 0.5 ml of TaqMan w Gene Expression Assay 20X primer/FAM-probe solution and 2.0 ml of water and 2.5 ml of pre-amplified cDNA product. For all samples, each assay was carried out in quadruplicate wells of 384-well plates and run in the ABI PRISM w 7900HT Sequence Detection System under twotemperature cycling: 958C for 10 min, then 40 cycles of 958C for 15 sec and 608C for 1 min. C T (threshold cycle) values, the cycle number at which the PCR amplification fluorescence signal crosses a fluorescence threshold, were generated using the FAM dye layer setting at a threshold of 0.2 and a baseline of 3-13.
Data analysis. The relative levels of transcripts for each gene in wild-type and mutant samples were compared following normalization to endogenous control targets. GeNORM software (42) was used to select the two best targets with the least variation across samples from a collection of six potential endogenous controls (Hprt, Tfrc, Tbp, Gus, gk1 and 18s rRNA). Gus and Hprt were selected for heads, whereas Gus and gk1 were selected for bodies. The geometric mean of the selected targets was then used as the reference for determining DC T values. For each sample, DC T values were determined by the following equation: DC T Marker ¼ C T Marker 2 C T Reference . Statistically significant differences between DC T values of wild-type and mutant groups were determined by a two-tailed t-test without assuming equal variances and with a P-value cutoff of 0.005. DDC T s were also calculated between wild-type and mutant groups based upon average DC T values for each group, and relative fold differences between them were determined by 2^-DC T (43) .
